BACKGROUND: Does dietary fat play a central role in weight gain and development of obesity? Do low-fat diets have adverse effects on blood lipids? OBJECTIVE AND DESIGN: To answer these questions we have reviewed the evidence linking the dietary fat content to energy balance and obesity, and examined the efficacy and safety of ad libitum low fat, high carbohydrate=protein diets in the prevention and management of obesity. RESULTS: Physiological studies have provided insight into the mechanisms by which the macronutrients differ in their effect on energy balance: (1) energy from fat is less satiating than energy from carbohydrate, and a high fat=carbohydrate ratio in the diet promotes passive overconsumption, a positive energy balance and weight gain in susceptible individuals; (2) fat is more readily absorbed from the intestine and fecal energy loss is much lower with a high dietary fat=carbohydrate ratio; (3) carbohydrate is more thermogenic than fat and energy expenditure is lower during positive energy balance produced by a diet with a high fat=carbohydrate ratio than during positive energy balance produced by a diet with a low fat=carbohydrate ratio.
Introduction
To assess any possible causal link between dietary fat and body weight it is necessary to use an evidence based methodology, ie all types of studies should be included and assessed in a systematic, critical way ( Figure 1 ). Failure to do this has lead to the issuing of premature statements, which have been disseminated to an already confused public.
1,2 As a consequence it has been suggested that saturated fat should be replaced by monounsaturated fat rather than by carbohydrate. This advice poses the risk of encouraging increased fat consumption, while fat consumption already exceeds currently recommended levels. 3 However, all lines of evidence linking dietary fat with obesity should be taken into consideration.
Observational studies assessing the association between diet composition and body weight
Numerous cross-sectional studies have clearly demonstrated positive associations between the proportion of total energy intake covered by fat and body fatness, and inverse associations between carbohydrate intake and body fatness. 4, 5 For several methodological reasons it is more complicated to demonstrate associations between change in dietary fat content and subsequent weight change, particularly in health conscious populations. It seems to be easier to demonstrate associations between dietary fat intake and subsequent weight changes in less health conscious populations such as in China 6 than in Europe or the United States. 7 The shortcomings of observational studies are reviewed elsewhere, 8 but these are partly due to limitations in the validity of the information about dietary intakes given by the subjects under examination. 4 This is particularly a problem in overweight and obese subjects who under-report their energy intake by 30 -40%, 8 and fat may be over-represented in this under-reporting. Studies have shown that diet contributes to the maintenance of the obese condition. 5 Mechanistic studies providing physiological insight into the differences in the effects of macronutrients on energy balance High-fat diets promote passive overconsumption Subjects exposed to high fat foods for several weeks tend to overconsume energy. This effect depends largely on the high energy density of high fat foods. This overeating effect has been referred to as passive overconsumption. 9 It should be noted that the stimulatory effect of fatty foods on energy intake is not only due to their high energy density but also to the probable facilitatory action of fat in the mouth. It has been known for many years that offering subjects high fat or high carbohydrate foods which have been manipulated to be equally energy dense eliminates the high fat overeating phenomenon in normal, non-genetically predisposed individuals. A large body of short-term studies on appetite and energy intake unequivocally show that fat is less satiating than carbohydrate and protein compared joule for joule, and that high fat foods are more likely to induce passive overconsumption and weight gain than low fat foods with higher contents of carbohydrate and protein. 10 High fat diets reduce energy output Diet induced thermogenesis following high fat diets is much lower than following high protein and high carbohydrate diets.
11 This is partly due to the lower cost of processing and of storing fat from the diet into the adipose tissue stores. For fat the value is about 1% of the energy content of the ingested fat, while the value for carbohydrate is 8 -15% and for protein it is 30%. It may be difficult to pick up the effect on 24 h energy expenditure due to the large day to day variability in physical activity, but it has been demonstrated in carefully controlled studies. 12 During overfeeding the effects are amplified and much easier to detect, particularly Figure 1 The evidence based assessment of the causal relationship between dietary fat and obesity. Note that the sizes of the weights of the different kinds of studies denote the weight in the final conclusion. Observational studies are given the lowest weights because they rely on dietary information given by the subjects under investigation, and the energy and fat intakes are subject to severe (30 -40%) under-reporting by overweight and obese subjects.
Effect and safety of low-fat diets A Astrup during sleep, where the confounding effect of physical activity is low (Figure 2 ). In addition to the greater thermogenic effect of carbohydrate and protein, fat is also more effectively absorbed from the gastrointestinal tract than carbohydrate. Lammert et al found during overfeeding that the low fat, high carbohydrate diet produced a substantially larger fecal energy loss than the high fat diet. 13 Intervention studies As briefly reviewed above, there is substantial evidence of physiological, mechanistic mechanisms to support the expectation that switching from a normal=high fat diet to an ad libitum low fat diet should cause a spontaneous weight loss providing similar palatability of the diets being compared. Randomized, controlled, ad libitum, low fat, high carbohydrate intervention studies actually show great variability and if a single negative study is picked out it may give a biased, unbalanced view. This has created doubts about the effectiveness of a low fat diet in the prevention and treatment of overweight and obesity. In a systematic review and meta-analysis based on 28 intervention trials, it was found that a reduction of 10% in the proportion of energy from fat was associated with a reduction in weight of 16 g=day. This corresponds to a weight loss of 2.9 kg over 6 months. 5 We have conducted a more restrictive meta-analyses where only studies with no other interventions than the ad libitum, low fat diet and a proper control were included. These analyses included a total of 1728 individuals (1074 female and 654 male). Thirteen studies were randomized, controlled trials, 12 using a parallel design and one using a cross-over design.
The control groups were either advised to maintain their regular diet or to consume a diet with a fat content as in the background population. Compared to the control groups the low fat interventions produced a weight loss of 2.4 kg more (95% CI, 1.93 -2.87; P < 0.0001) in the fixed effects analysis and 2.52 kg more (1.51 -3.53; P < 0.0001) in the random effects analysis. In a simple correlation analysis, the major determinant of the weight loss difference was pre-treatment body weight (r ¼ 0.52, P < 0.05; Figure 3 ). After adjustment for pre-treatment body weight there was a dose-response relationship between the reduction in percentage dietary fat intake and weight loss (r ¼ 0.66, P < 0.005; Figure 3) . Without a change in percentage dietary fat intake no weight change occurred (intercept with 0: P ¼ 0.14). The slope of the relation indicated that for every 1% reduction in dietary fat a weight loss of 0.37 kg (95% CI, 0.15 -0.60 kg=%) was achieved. Weight loss was not associated with the duration of the intervention.
Another meta-analysis, based on 37 dietary intervention studies, found the weight loss in the intervention groups to be 2.79 kg larger than in the control groups and there was a highly significant relationship between reduction in dietary fat and weight loss.
14 For every 1% decrease in energy from fat there was a 0.28 kg decrease in body weight. Thus these three meta-analyses consistently show that a reduction in dietary fat without restriction of total energy intake causes weight loss in a dose-dependent fashion and may produce a modest, but clinically relevant, weight loss in overweight subjects. The importance of carbohydrate source has recently been reviewed. 8 Recent data is also available on the effect on weight loss of replacing some carbohydrate by protein. Two fat reduced diets (30% of total energy), a high carbohydrate diet (protein 12% of total energy) and a high protein diet (protein 25% of total energy) were compared in 65 obese patients. 15 Weight loss after 6 months was 5.1 kg in the high carbohydrate and 8.9 kg in the high protein groups, and more subjects lost > 10 kg in the high protein group (35%) than in the high carbohydrate group (9%). The protein rich diet had no adverse effect on blood lipids, renal function or bone mineral density. More freedom to choose between protein rich and complex carbohydrate rich foods may encourage obese subjects to choose more lean meat and dairy products and hence improve adherence to low fat diets in the long term.
Do low fat, carbohydrate diets have adverse cardiovascular effects?
It is often argued that a reduction in fat intake and an increase in carbohydrate intake produces a rise in plasma triglycerides and a fall in plasma HDL-cholesterol, which would be expected to increase the risk of coronary heart disease (CHD). Moreover, it is argued that monounsaturated fat (MUFA) has a more beneficial effect on risk factors of coronary heart disesae (CHD) than carbohydrate. This is true in studies where carbohydrate has been compared with Figure 2 Sleeping energy expenditure measured in respiration chambers during 2 weeks overfeeding with either a low fat, high carbohydrate or a high fat, low carbohydrate diet. Calculated from reference 13.
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MUFA under strictly isoenergetic conditions and no weight loss was allowed to occur on the low fat, complex carbohydrate diet. 16 But in studies allowing ad libitum intake the changes in blood lipids are dominated by the slight weight loss induced by the low fat diet. This was illustrated in a study on hyperlipidemic patients where the dietary fat content was first changed from 35 to 15 energy% under isoenergetic conditions, so that body weight was kept constant. 17 Consumption of the low fat diet under weight maintenance conditions had lowered plasma total cholesterol, LDL-C, and HDL-C levels significantly (712.5, 717.1, and 722.8%, respectively). This diet significantly increased plasma triglyceride levels ( þ 47.3%) and the TC=HDL-C ratio ( þ 14.6%). In contrast, consumption of the low fat, ad libitum diet was accompanied by significant weight loss (73.63 kg) and by a mean decrease in LDL-C (724.3%). Mean triglyceride levels and TC=HDL-C ratio were not significantly different from values obtained at baseline. This has been confirmed in a systematic review and meta-analysis evaluating the effects of the American National Cholesterol Education Program's dietary interventions on major CVD risk factors. 14 However, the carbohydrate source and the glycemic index may have importance for the effect on risk factors. Both observational and intervention studies show that a low glycemic index diet exerts more beneficial effects than a high glycemic index diet on LDL-and HDL-cholesterol, insulin resistance and plasminogen activator inhibitor-1 activity. 18, 19 Consequently the high carbohydrate content of low fat diets should stem mainly from the complex carbohydrates of different vegetables, fruit and whole grains, which are more satiating for fewer calories than fatty foods and are good sources of vitamins, minerals, trace elements and fiber. This diet composition has also been shown to reduce mortality in high risk patients. 20 
Figure 3
The unweighted association between study means of difference in weight loss, adjusted for pre-treatment body weight and change in percentage of dietary energy from fat. The weight loss and the change in % dietary fat are calculated as the difference between mean changes in intervention and control groups (reproduced with permission from reference 8).
